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1 . INTRODUCTION

The objective of this program is to ~‘tudy the chemical reactions and
energy transfer processes which result in production of the a~~ and b

’:~
elec tron i c exc it ed s tates of the HF molecule . The purpose here i s to assess
the potential for the development of an electronic transition chemi cal laser

operating on the NF(a~~ -
~ X3:) or NF(b’:~ — X3:) transitions at wavelengths

of 874 rim or 529 nm respectively. An importan t principle for this work is

the use of an exclusively chemical system to generate the necessary reagents

and energy transfer partners required for production of the NF excited states .

The major effort on the previou s contract~~ was concentrated on studies

of ways of pumping the A~ state of the CN molecule. The second part of the

contract concentrated on studies of the chemical pumping of the b ’:~ and

state of HF. The work on NF in the contract successfull y demonstrated

4 
the ability to handle and deliver the N

2F4 reagent to a laser type device , as
well as the ability to detect the NF excited states . The results , however ,
were not encouraging for the pos sibility of eventual scaling of the system
to a region where HF lasing mi ght be demonstrated . Subsequent experiments
us ing staged combustion in the laser cavity were done under TRW IR&D spon-
sorship, and the results demonstrated increased NF (b 1:~) state number
density . These results demonstrated production of NF excited states in a
completely chemical , supersonic , diffusion mixin q laser.

The experiments done under TRW IR&D sponsorship on the NF system repre-
sent the fi rst application of staged combustion to a supersonic , diffusion
m ixing chemical laser system. Staged combustion is simpl y the add i tion of
reagents into a chemical laser fl ow at different distances along the flow
ax is. Care must be taken to avoid severe aerodynamic disturbances in the
supersonic flow stream while maintaining efficient mixing. Aerodynamically
shaped blades are used for reagent mixing in this app lication . Such blades
have undergone extensive testing as primary mixing blades in conventional
HF chemica l lasers .

Staged combustion in a chemical laser is especiall y app li cable to chem i-
cal production of HF excited states. The primary pumping reaction is

_ _ _ _ _ _ _ _ _ _ _ _



H( 2S) + NF2(
2B1) 

-~ HNF2*(
’A) -

~ HF(X ~~ ) + NF(a 1A ) (1)

It Is well established that reaction (1) is fast and it takes place from
ground state reactants to produce 100 percent of excited state NF(a~1).~

2 ’3~
The proposed explanat1on~~ of this selective process Is that the reacti on
proceeds on an addition-eliminatio n rather than abstraction mechanism path.
If the reaction proceeds through a singlet state intermediate , then by
conservation of electronic spin , singlet state products are predicted . If
the reaction proceeds by direct abstraction , then the ground triplet state
NF(X 3zi is anticipated .

A reactive flow ana1ys1s~
3
~ has provided a rate coefficient for reaction (1)

of k = 2 x io 13 cni3/mol-sec at 298°K and a va l ue of the radiative lifetime
of the NF(a~1) state to be 0.7 sec for the forbidden transition to the ground
electronic states . The (0,0) band for this transition has a violet shaded
Q branch head at 874.24 nm.

The NF2 radical required In reaction (1) can be supplied by thermal k.
decomposition of N2F4 at moderate temperatures . The low N-N bond strength
in tetrafluorohydrazine results in the presence of detectable amounts of
difluoroamino radicals even at ambient temperatures . At 600°K N2F4 dis-
sociation Is virtually complete at equi librium .~~ The kinetics of the
thermal dissociation of M2F4 In the presence of excess Inert gas can be
wri tten

M + N
2
F
4 

M + 2NF2 (2)

where M is the collision ~artner. The forward rate constant has been mea-
sured for M = Ar or N2

(6j , and It is expected that at the temperature and
pressure typical of an HF chemical laser cavity , any N2F4 injected into the
laser cavity will be largely dissociated .

Hydrogen atoms can be more difficult to supply in copious amounts . The
bond in H2 Is strong and considerable thermal energy is required to dissociate
it. Also if H atoms are required to flow some distance or through Intricate
mixer hardware , recombinatlon Is efficient due to surface interactions . An
alternate way to produce H atoms is from the reaction

2
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F + H 2~~ HF(v )+H (3)

This is of course the central reaction In the HF c hemical laser. The
fluorine atoms required In (3) are easily made by completely chemi ca l means
In a conventional combus tor , and after expans ion through a supersonic
noz:le, they are mixed with H, cavity fuel to produce H atoms . These H

atoms can then flow along to the point where they mix with the NF2 reagent
from the secondary mixer. Staged combustion such as this can allow for
the separate production of starting reagents and allow for maximum efficiency
In their production . This type of cornbustor-supersonic nozzle-mIxer con-
figuration is a well established techni que used in existing chemi cal lasers ,
and Is very adaptable to scaling to larger dimensions and gas throughput.

It is important to note In the present experiments that reaction (3)
produces not only the hydrogen atoms , but also generates the heat In the
laser cavity to thermally decompose the N2F4 by reaction (2). In this way
both the reagents required in the pumping reaction (I) are produced . Reac-
tion (3) also produces vibrat iona lly excited HF(v) required In a subsequen t
energy transfer reaction.

Chemiluminescence at 528.78 nm from the b’E~ state of NF to the ground
state is also observed In H/NF , systenis .0i2) The NF(b~~~) is produced

from the NF (a~~) by a V-C energy trans fer invo lving HF

HF ( v 2) + HF(a 1
~) -~ HF(v - 2) + NF(b 1E~) + ~~~ (4)

Here ~E is -309.09 and -30.44 cm~ for HF(2) and HF(3), respectively, assum-
ing the two NF species are in their ground vibrational levels. In these
experIments , copious amounts of vibrat lona lly excited HF are produced by
reaction (3).

Deuterlum atoms are equally effective as hydrogen atoms in producing
NF(a1.x) by reaction (1). However, when H2 is replaced by the same molar
flow at 02) reaction (3) now produces vibr atlonally excited DF(v) and the
NF(b 1E~) emission practically disappears . In the 02 system , the DF(3) and

DF(4) have resonance defects of 1000 and 730 cm~ respectively, for a
- 3 V-C energy transfer. The expected lower probability of V-E energy

transfer in the DF case supports reaction (3) as the source of NF (b~~~) in

3
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the H2 system .

An experimental determinat1on~~ has been made for the radiative life—
time of the NF(b1E~

’) transition at 528.78 nm, and gives r = 16 msec . The

rate coefficient for reaction (4) is estimated (8) to be k = 1.3 x io 12 cm3/
mnol—sec for HF(2) and k 3.4 x 1013 cm3/mol-sec for HF(3) at 298°K. A
subsequent theoretical anaiysis~~ argues that reacti ons involving the
excited HF singlet states are signifi cantly slower than the corresponding
reactions i nvolving the ground electronic state. Experimental determination
of collisional quenching rates of NF(b1E~ ) and (a~~) by such species as HF ,
H2, 

~2 and H atoms show such processes to be siow .~~ It should be possible
to generate large concentration of electronically excited NF(b1z~) if the
required H atoms vibrationally excited HF(v) , and NF2 radi cals can be produced. [
The appropriateness of such a system for a visible wavelength chemical l aser
are obvious .

Two additional reactions need to be mentioned which involve the emission
of N2 first positive bands . It has been proposed in the HF system(2) that
the reactions

H(2S) + NF(a 1
~ ) HF(X~E~ ) + N*(2D) (5)

and F
N*(2D) + NF(a 1A ) N2(B311g ) + F( 2P½ ) (6)

produce the observed yellow emission from the N2 (B 3n9
) -‘~ (A~z~) band. The

evidence supporting this conclusion is multifold based upon a variety of
physical observations , thermodynamic arguments , and level of vibrational
excitation in the N2 spectra . The Intensity of N2 emission observed in
these experiments is such that in consideration of Its shorter radiative
lifetimes (r ‘t. 5 isec) compared to the NF excited states, reactions (5)
and (6) probably do not play a major role in the destructi on of NF(a~~).
However , the (2,1) and (1,0) vibrational bands of the N2 first pos itive
partially mask the NF(a~~) 874 nm emission and can make quantitative measure-
ments difficult. Also , since the removal of the N2(B3flg) species is pri-
man ly by spontaneous emission at our pressures , the yel low flame indicates
the observed lifetime of the NF(a~~) as well  as the presence of excess

U
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hydrogen atoms . A green flame i s i ndi cat i ve of cond i t i ons where the
1 +NF( b ~ 

) 529 nm emission dom i nates.

A large par t of the present work deals then with the investigation
of the staged combustion concept for production of HF excited states . A

small scale (15 wat t , cw) conven tional supersonic , diffus ion mixing HF
laser was modified to allow a second mixer to be placed downstream of the

prima ry cavity mixer. In t h i s  way N2F4 can be mixed In with the supersonic

f low of reactive gases in the laser .

The present work also included a substantial effort to produce excited
NF using a tn -stream chemica l laser nozzle . Most conventional HF chemi cal
laser nozzle/mixers allow for the mixing of two reactive gases at the exit
plane of a supersonic nozzle. The tn -stream nozzle (TSN) allows for the

mixing of three component gases at the throat of a slit nozzle , prior to

substantial ex~anslon . The TSN hardware has previously been used as a OF

laser device and was supplied for this contract by AFWL . While the
TSN represented a second techni que for mixing the three reagents N9F4, H2,
and F-atoms , the TSN experiments were also designed to gather data to corn-
pare to previous LAMP modeling calculations performed at AFWL for the TSN
with the HF system .

Both the sta ged combust i on and TSN ex per iments rep resent systems w hi ch
can produce NF excited states by exclusively chemical means utilizing
stra ight-forward modifications of already established laser techniques.
Wh ile neither experiment is of a scale to expect lasing from HF , the goal
here is to identify key technical Issues which need to be addressed in order
to determi ne the scale and characteristics of a possible laser device.

5
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2. STAGED COMBUSTION EXPERIMENTS

This section will describe experimental techniques , apparatus , and - ;
resul ts as they pertain to the staged combustion experiments to produce
NF(a~~) and (b

1E~) electronic states. Many of the di agnostic , gas handl i ng ,
and data reduction techniques are the same as those applied in the tn-
stream nozzle experiments . The descri ption of those experiments in Section
3.0 will not duplicate the description of similar experimental techniques .

2.1 EXPERIMENTAL

2.1.1 Experimenta l Apparatus

The apparatus used in the staged combustion experiments consisted of
a conventional HF supersonic, diffusion mixing laser with gain length of
3.1 cm. This is the MK-I device and is capable of 10-20 watts of ElF cw
lasing power. To this laser device a second cavity injector has been
added downstream of the usual cavity injector in order to separate the
chemi cal production of hydrogen atoms from that of HF2, the two prima ry
reagents required for HF exci ted state production. This staging of chemi -
cal combustion at varying distances along the flow axis allow s for flexi-
bility in the conditions to produce these reagents , and to maximize the
efficiency of NF production . A schematic diagram of the staged combustion
system is show n in Figure 1. The laser is constructed in a building block
arrangement and its component parts are described below .

2.1.1.1 Combustor

The combustor is of water-cooled aluminum construction with an inside
diameter of 4.4 cm. It is closed at one end by the F2/D2/He burner show n
in Figure 2. Combustor gas flows produce fl uorine atoms by thermal dis-

sociation . A pressure tap is located 6.4 cm from the upstream end of the

combustor and the overall length from the burner head to the nozzle throat

Is 31.5 cm.

2.1.1.2 Primary Supersonic Expansion Nozzle

Three di fferent i nterchangeabl e nick~1 nozzles can be used In this
device. All are rectangular slot-type supersonic nozzles which are con-6
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toured for  parallel flow. They are 3.1 cm in the gain direction , and are
1.2 cm high at the exit plane . The resulting exit area is 3.72 cm2. A
typical nozzle is shown in Figure 3.

While the exit area rema i ns constant for the three nozzles , they each

have different sonic throat heights to give an area expansion ratio of

A/A* = 4, 10, or 14. For the A/A* = 10 and 14 nozzles , the sonic throat

area was determi ned by a cold flow experimen t using a metered flow of
hel ium gas . This is a more accurate measurement than by geometrically
determining the sonic throat area .

2.1.1.3 Primary Injector

Two different copper primary injectors are used to mix hydrogen fuel
into the combus tor gases expanding from the nozzle. Both are of the Buse-
mann bi p lane type , and are shown in Figure 4. The two injectors differ —

only i n the number of vanes .

The individual vanes are the same for each injector. They are diamond-
sha ped , and are 1.2 cm in height and 0.95 cm long in the flow di rection .
The vane is 0.77 cm wide at i ts center point. The individual injectors main -
tam the same exi t area of the nozzle. Figure 5 shows the primary injector
attached to the nozzle.

The nine-vane injector has four holes of 0.036 cm diameter on the aft
end of each vane for the H2 flow . The five-vane injector also has four
holes per vane with a 0.018 cm diameter.

2.1.1.4 Secondary Injector

The secondary injector is downstream from the prima ry injector and is
used to mix N2F4 into the HF flow stream. It consists of a single water-
cooled nickel blade with a wedge—shaped cross section . Figure 6 shows
the ind ividual blade.

The long dimension of the wedged portion of the blade is 2.9 cm and
it is positioned along the lasing axis , that is , the blade is perpendicular
to the plane of the Busemann vanes .

The blade is 0.68 cm long in the flow direction , and the aft end has
ten 0.01 cm d i ameter holes for N2F4 i nject i on.

9
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2.1.1.5 Laser Cavity

The coir& ustor/nozzle/pnimary injector is attached to a water-cooled ,
alum inum cell of 5.0 cm inside diameter , and the HF flame from the prima ry

injector is free jet into the cell . In a typical HF laser configuration ,

no secondary injector is present and the two sides along the lasing axis

are closed by CaF2 brewster angle windows . This arrangement is shown in

Fig ure 7.

The CaF 2 brews ter w i ndows , when present , are purged with N2. In a laser

of these small di mens i ons , the N2 purge flow can result in a substantial - 

-

fraction of the approximately 1.7 torr cavity pressure . In order to avoid

the arbitrary influence of the N2 purge flow , the initial staged combustion

experiments were completed with flat sapphire windows closing the sides of

the cel l in place of the brewster windows . This is shown in Figure 1.

The third side of the cell is also closed by a flat sapphire window.

The final side is closed by a water cooled aluminum plate which provides

the wa ter cooled holder and gas feed throughs for the secondary injector
as well as a cavity pressure tap location . -

.

The final arrangement of primary and secondary injectors is shown in

Figures 8 and 9. While two wedge shaped blade injectors are shown , for
all the HF staged combustion experiments , only a sing le blade was used
for the secondary in jector.

In the laser cav ity , position along the centerline of the cell in the

flow direc tion is referenced by distance downstream from the aft end of the

Busemann biplane injector. This distance is referred to as X~. In a similar

manner , distance downstream from the secondary injector is designated Xc
’ S

In p ractice , the secondary blade injector is aiways held in the same - -

position with respect to the laser cavity . However , a set of spacers are

available to raise the entire combustor/nozzle/primary injector section

with respect to the laser cavity . The difference between the origii of the

Xc and X~ ’ axes is referred to as ~~ as noted in Figure 1. ~~ can change

from a nominal value of 1.3 cm without any spacers to a maximum of 7.3 cm ,

progressing in 1 cm steps .

In the actual experimental set up, it was necessary to add a second

cell downstream from the fi rst cell since the HF emission extended for a

14 
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considerable distance. The final arrangement showing both cells is dis-

played In Figure 10. This second cavity is a nickel cel l of 5.0 cm ins ide

diameter. It Is enclosed on three sides with flat sapphire wi ndows. A

pressure tap Is located in the metal pl ate closi ng the fourth side. This

pressure tap side corresponds to the same side the pressure tap is located

in the first, or upstream cell.

In the final arrangement, the field of view of the flat sapphire win-

dows in the upstream or No. 1 cell extends from X~ = -2.1 cm to 4.0 cm.

The pressure tap in thi s cel l -is designated P1 and is located at X~ ’ 2.1

cm. In the downstream or No. 2 cell , the viewi ng region extends from

~~~ = 10.6 cm to 16.8 cm. The pressure tap in this cell is designated P2
and Is located at ~~ = 15.0 cm.

The cavity pressure at P1 and P2 was monitored by separate 0-10 torr
MKS absolute capacitance manometers capable of ÷ 0.05 torr measurements .

The combustor pressure PC is monitored by a CEC strain guage type pressure

transducer of 1 psia (51.7 torr) full scale sensitivity and is capable of

+ .5 torr measurements. - 
-

The cavity gases pass through a water cooled heat exchanger and soda

lime chemical trap prior to being pumped away by a large capacity Roots

blower — fore pump vacuum system. The vacuum system is capable of 0.01

torr background pressures in the laser cavity and has an ultimate capacity

In excess oF 0.3 moles/sec or 3400 liters/sec at cavity pressures of about
1 torr.

2.1.2 Gas Delivery System

The combustor gases F2 and D2~ and ~avity gas H2 are all metered to the
laser by criti cal flow orifices contained in a flow control panel . As long

as the pressure drop across the ori fice is > 2, sonic flow is established

through the orifice and gas flow is linearly proportional only to upstream
- gas pressure. The orifice upstream pressure for these gases is vari ed be-

tween 0.5 and 3 atm , and the various valves and metal tubi ng used in the

gas lines are such that the > 2 pressure drop for sonic flow is easily

maintained. The combustor operating pressure of about 30 torr and cavity

pressures of several torr present no substantial back pressure, and even
the small holes associated with the Busemann primary injector present no

18
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appreciable pressure drop at the gas flows involved .

The combustor He flow Is delivered by a glass rotometer device , and
its delivery pressure is maintained at its calibration value of 10 psig by
a regulator, insuring the validity of its flow calibration. On those
occa si ons where N2 purge gas is used for the brewster angle wi ndows, a
similar rotometer system is used .

The N2F4 delivered to the secondary blade presents a different situation.
The high molecular weight of N2F4 and the small holes (ten, 0.01 cm dia-
meter holes) associated with the blade injector make this the limiting sonic
ori fice in the gas line. At the flow rates involved for N2F4, the pressure
ininediately upstream from the blade orifices is about 0.5 to 1 atm pressure;
the downstream pressure is several torr, i.e., the pressure of the cavity.
However, the blade , while water cooled , is imersed in the HF flame from
the primary injector and since mass flow through a sonic orifice is pro-
portional to T~~, the N2F4 flow at constant upstream pressure can vary as
the blade heats up during the course of an experiment. Therefore, a
Matheson linear mass flow transducer is used to record the N2F4 flow during
an experiment rather than relying on any previous orifice calibration .

These Matheson linear mass flow transducers are also utilized to cal- —

i brate the cri ti cal flow orifice system and rotometers used for the balance
of the gases. The flow transducers’d~ not depend , over a wide range of
values , upon the pressure and temperature of the gas flowing through it ,
but, in fact, they measure the amount of material flowing through utilizing
a measured temperature rise in a slightly heated capillary tube. This
allow s the flow transducer to be conviently placed at some point wi thin
the actual flow system used in the experiment. The flow transducer has
been previously calibrated with dry N2 gas by the manufacturer , and this
calibration is periodically verified by TRW Metrology.

If the flow transducer is used with another gas besides N2 (e.g., He,
H2, D2) a simple one—number correction factor is utilized which relates
the change in specific heat capacity and density between N2 and the test
gas. Such a technique results in flow calibrations for the sonic orifices
wi th about + 5 percent accuracy .

20 
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In practice for expensive or toxic gases such as F2, N2F4, etc., a
dummy inert gas is used for the orifice calibration . This dummy gas flow
calibration can be corrected to give a calibration for the experimenta l
gas by using wel l established formulas for sonic f low. The ratio of the
molar flow rate of two gases A and B for the same sonic orifice and up-
stream pressure and temperature is

Flow A KA f~T
Flow B ( 7 )

where MA is the molecular weight of gas A and

KA = ~-½ ( 2 ) (2~~1J) (8)

for y equal to the ratio of heat capacity at constant pressure to the heat
capaci ty at constant volume for gas A. This sonic orifice correction
factor is different from that used to correct the flow transducer for dif-
ferent gases other than N2.

The correction factor formula for the sonic flow orifi ces ignores small -~

viscous effects present In the gas flow. To further account for these , a
dummy gas of similar molecular weight and size to the experimental gas is
used , e.g., Ar is used for F2 calibrations. Since the N2F4 flow was being
monitored directly during the course of an experiment by the flow transducer ,
a prior calibration with a dummy gas for N2F4 was not necessary . However,
in some cases N2F4 was delivered to the primary Busemann injector and H2
to the secondary injector. The size of the orifice in the Busemann injector
is such that N2F4 could now be metered by a critical flow orifice In the
flow control panel In the usual manner. (The only reason that the Matheson
flow transducers are not used at all times for all gases is their cost.
In general , they are used only to calibrate the critical flow ori fice
system.) In this case, SF6 was used as a dummy calibration gas for N2F4.

In order to demonstrate the validity of these various correction fac-
tors, a calibration was done using N2F4 itself as the test gas as well as
SF6 (the flow transducers are all stainless steel construction , so the use

21
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of N2F4 is permissible). Simil ar tests had been done previously compari ng
H2, 

~2 
and the He flow through the same orifice with good results . However,

the direct N2F4 calibration gave about 50 percent higher flow rate than the
Nj4 calibration derived from SF6. Repetition of the experiments (over
several days time) gave good reproduci bili ty for the results .

It was necessary then to check If the discrepancy lay in the flow
transducer itself , the flow transducer correction factor, or the orifice
flow correction factor. A system was put together which would allow a
metered flow through a flow transducer to enter a known volume . The pres-
sure rise associated with a measured time of flow results in a measurement
of flow rate which utilizes only the Ideal gas equation . No knowledge of
heat capacit ies , molecular weight , or viscous effects is required.

As an example of this experiment , Table 1 shows the measurement for
N2 gas , which requires no correction factor for the flow transducer.

Table 1. N2 Flow Rate x lO~ Moles/Sec

Deri ved From Measured From Flow Into
Flow Transducer Known Volume Experiment % Deviation

88 ‘92 + 4.5
54 57 + 5.6
20 20 0

The results are in good agreement with the flow transducer.

Measurements that were done next used SF6 and Ar as the test gases .
Table 2 shows these results . The measurement s using SF6 and Ar require
correction factors of 0.295 and 1.396 respectively to be applied to the
flow transducer output , and these results represent the validity of apply-
Ing such correction factors. In addition , the reproducibility of the
results is shown since the first three SF5 points were taken on a differ-
ent day from the second three points .

22
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Table 2. Test Gas Flow x lO~ Moles/Sec

Derived From Measured From Flow
Test Gas Flow Transducer Into Known Volume ~ Deviation

SF5 
. 62 56 - 9.7

SF5 32 29 - 9.4

SF6 16 15 - 6.3

SF6 16 15 - 6.3

SF6 32 30 - 6.3

SF
5 

62 56 - 9.7

Ar 78 85 + 9.0

Ar 150 162 + 8.0

N2F4 40 20 -50.0

Table 2 also shows the measurement for N~F4 i tself.  The flow derived
from the flow transducer is a factor of two higher than the measured volume
flow . This descrepancy is reproducible.

The measured volume experiment should represent the true molar flow
rate for N2F4 as it does not rely on any correction factors . The flow
transducer correction factor of 0.368 is based upon well established data
for the heat capacity and molecular weight for N2F4 (JANAF) , but apparentl y
some error does exist. Table 3 shows how several representative flow
transducer correction factors are calculated . For a flow transducer cali-
brated for N2, the correction factor is multiplied by the apparent flow
rate for N2 to get the actual flow rate for the test gas .

Impurities in the Nj4 might be the cause of the error. However , two

N2F4 bottles obta ined about eight months apart gave the same results.
Moreover , reasonable impurities such as N,, NF 3 or F 2 would only increase
the discrepancy since they have larger correction factors than Nj4.

2.3
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An N2F4 flow transducer correction factor of 0.185 would be required to
prov i de agreement between the flow transducer and measure volume experi -
ment. A correction factor of 0.185 is indicative of a high molecular
weight , larger polyatomi c molecule (see for example , C2C1 2F4 in Table 3).
The manufacturer ’s stated purity is 95 percent N2F4, and it is unlike ly
that there is a substantial variation from this since the gas acted in all
other ways as N 2F4. Even the presence of a substantial amount of NF2
would not explain the discrepancy .

The conclusion from these results is that the flow transducer correc-
tion factor calculated in the usual manner for N2F4 is a factor of two too
large . The measured volume experiments are straightforward and are believed
to represent the true flow. This has been born out by the balance of the
data in Tables 1 and 2. Therefore, a revised correction factor of 0.185
will be used for N2F4 whenever it is used directly with the flow transducer .

All reagent gases are used without further purification . The deuterium
gas was supplied by the Government without a stated puri ty level ; it is
assumed to be technical grade . The manufacturer ’s stated purity is given
in Table 4.

Table 4. Manufacturer ’s Stated Gas Purity

Gas Manufacturer Grade Purity (i.)

F2 Air Products Technical 97

He Air Products High Purity 99.995

H2 Air Products High Purity 99.9

N2 Air Products Ultra High 99.998
Purity

U.S. Govt . Suppl y Technical 98

N2F4 Hercules — 95

NO Matheson C.P . 99
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2.1.3 Optical Diagnostics

The optical diagnostics associated with these experiments consists of
observation of emission in both the infrared and visible region. The
infrared diagnostic covers the region 2.5 to 3.2 ~m to observe the HF ~v=l
emission in order to determine HF(v) number density and gas temperature .
The visible diagnostic covers the 500 to 900 nm region to observe the
NF (a1

~) and (b~~~) as wel l as N2(B 3
~1g) -. (A

3
~~) emission. Both wavelength

regions were monitore~~ ith 0.3 m McPherson spectrometers.

2.1.3.1 Infrared Diagnostics

A liquid nitrogen cooled , InSb photovolt aic detector is used with a
chopper and lock-in amplifier for phase sensitive detection . Spectra are
displayed on a strip chart recorder. A 150 L/mm , 4 ~im blaze grating in the
0.3 m spectrometer is used in first order for a dispersion of 21 .22 nm/mm .
For the HF spectral scan , a nominal slit width of 94 ~m and therefore a
resolution of abou t 2.0 nm is used , but in practice the FWHM for a well
Isolated HF line (e.g., P2(4)) was determi ned experimentally for the actual
slit opening in order to accurately determine the resolution. Care was
taken that both entrance and exit slits of the spectrometer were open equally
to insure a triangular slit function. Both an accurate resolution and tri-
angular slit function are required for determination of absolute number
densities . The slit height (i.e., length in the nondispersive direction )
is 2 mm , and the spectrometer has been mounted on its side (Figure 10) so
the slit hei ght is horizontal and therefore perpendicular to the flow axis.
This gives maximum spatial resolution of emission along the flow axis. A
2 um l ong wavelength pass filter is used to block interferi ng second order
spectra. The slit image is focused on the entrance slits of the spectro-
meter using a front surface , aluminized toroidal mirror. The toroidal
mirror has a 10 cm focal length and 45° focusing half angle for a 1:1
magnification of the slit image .

The enti re optical path and spectrometer is enclosed and flushed with
dry nitrogen to remove the atmospheri c water vapor which Interfers with the
HF spectrum . The optical system/detector is frequently calibrated with
a l000°K black body prior to any absolute intensity measurements. Care is
taken to use a flat sapphire window or CaF2 brewster window in the calibra-
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tion depending upon what is used in the actual experiment. The HF spectra
is distinct enough that the lines are readily identified and provide their
own wavelength calibration .0°~

The peak intensity of the HF lines are hand read and input to the
CHEMLUM computer code 01

~ along with the calibration data . The code con-
structs Boltzrnann plots , Ln( I/ F) versus E(v ,J) where I is the absolute
line intens i ty, F is a statistical and line strength weighting factor ,
and E(v ,J) is the energy for vibration-rotation state (v ,J )  from which
the emission originates . The code computes the rotational temperature
(assumed to be equal to the local gas temperature), vibrational number den-
sities , and line -by -line gains of the excited species . HF(l -

~ 0) emission
data is ignored in the rotational temperature determination due to usually
non-linea r Boltzmann plots resulting from self absorption by ground state
HF. Measurements are taken along what is usually the lasing axis of the
HF laser , and , therefore , the depth of the optical signal is taken to be
3.5 cm , slightly larger than the nozzle length 3.1 cm , to account for ex-

pansion in this direction .

2.1.3.2 Visible Diagnostics

The visible diagnostic extends from 500 nm to 900 nm in the near infra-
red . A GaAs photomultiplier tube (RCA C31034A) covers this ent i re  range.
The PMT is used at 1500 V operating voltage with a picoammeter to measure

the anode current. The output is displayed on a strip chart recorder. A
600 L/nin , 750 nm blaze grating in the 0.3 m spectrometer is used in first
order for a dispersion of 5.31 nm/rn. A nominal slit width of 95 ~.m is
used for a resolution of 0.5 nm , but again a convenient narrow emission
source such as a He-Ne laser or HF .~v=3 vibration -rotation lines which
fall into this spectral regi on is u sed to determine the actual resolution .
Care is taken to insure that both slits are the same width to give a tri-
angular slit function. This is especially important for quantitative NF
spectral measurements since the vibration -rotation structure of the electronic
spectra is somewhat broader than the slit width . A triangular slit func-
tion of known resolutions makes deconvolution of the observed spectra
straightforward. The slit height Is 2 mm, and with the spectrometer on its
side , the slit is oriented in a horizontal manner , perpendicular to the
flow axis (Figure 10). A 4800 A long wavelength pass fi lter Is used for
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order sorting . As in the infrared case , a 1:1 magnification , 10 cm focal
length , 45° half focus angle front surface alumini zed mi rror is used to
image the emission light on the entrance slit.

In some of the initial measurements made under this program for
NF(b 1f~) emission , inadvertantly an entrance slit of 190 ~m and an exit
lsit of 270 iim was used. The resolution here is 1.4 nm , but this config-
uration has a trapozoida l slit function . No absolute data was taken at
this setting and there is no problem in comparing relative data all taken
at this same slit setting .

The sensitivity calibration prior to an absolute measurement is done
using an Epply ribbon filament lamp with an absolute calibrati on traceable
to IIBS. Agai.., a flat sapphire or CaF2 brewster window is included in the
calibration depending upon what is used in the actual experiment. The
wavelength calibration near the 880 nm region is supplied by P and R branch
lines of the HF(3 -

~~ 0) transition
(10) observable in the HF flame . The

1 +  . . . . . . . ( 12)NF(b ~ ) emiss ion is a strong band with a distinct ive head and provides
the waveleng :~h calibration in the 530 nm region .

As mentioned above , both the i nfrared and visible spectrometer are
placed on their sides to give a horizontal slit ori entation with respect
to the vertical gas flow. An important experimental parameter is the ob-
servation of the emission si gnals as a function of distance X~’ along the
flow axis (see Figure 1). In general , both spectrometers view the staged
combustion reaction cell along the lasing axis , with each spectrometer
positioned at opposite sides of the reaction cell. The gas depth for both
Is taken as 3.5 cm to account for the slight gas expansion in this direction
from the 3.1 cm nozzle length . Care is taken to insure that both spectro-
meters are viewing the center of the reaction cell and are at the same
value of Xe’. The entire staged combustion laser apparatus can be vertically
translated with respect to these spectrometers by means of a flexible bellows
attached to the pumping line. The bellows system holds the staged combustion
apparatus rigid at any one position , but by moving the reaction cell , the
spectrometers can view the cell at different X~’ values . The position of
the spectrometers is such that they view the same Xc ’ region simultaneously.

A polaroid portriature camera was used to photograph the flame from
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the reaction cell. This is found to be a more reliable measure of the
shape and homogeneity of fl ame than visual observation . However , the
polaroid film seems to be most sensitive to the yellow-colored flame re-
sulting from N fi rst positive emission , and in this way is not a direct
measure of the HF emission . On those occasions where the NF(b E+) emission
dominated and the flame was indeed a bright green, the polaroid film would -

reproduce the flame features .

2.2 RESULTS

A typical visible emission spectra is shown in Figure 11 . The tv=5
to ~v l  vibrational progression of the N (B an ) -

~ (A 3z~) band dominates the
spectra . The NF(b 

~ 
) emission at 529 nm is clearly visible. However , the

region of NF(a~~) emission is obscured by the ~v=l N2 first positive and
HF(v=3 .# 0) bands . When the flow of N2F4 being mixed into the HF flame is
increased , the HF and N2 i ntensities i ncrease with respect to the HF(3 -s~0).
However, even when D2 replaces the H2 cavity fuel so as to eliminate the HF
overtone signal , the NF(a ’1

A ) signal is still obscured solely by the N2 first
positive ~v=1 band as shown in Figure 12. ~thil e D-atoms are as efficient
a source to produce NF(a1~) as H-atoms , Figure 12 does show the effect that
the NF(b1f~) intensity is greatly reduced wi th the use of D2. For the same
conditions in Figure 12 but with H2 cavity fuel , the NF(b

1z~) would be off-
scale by about a factor of two.

This difficulty in readily observing the NF(a~~) state resulted in the
initial set of experiments where only the NF(b’Iz+) state was monitored as
a function of gas conditions , staged combustion hardware configuration , and
X ‘ . The approach here was to find a set of conditions which maximi zed
the NF(b z ) population density , and this might also be a region where the
NF(a~~) population density increased so to be observed more clearly from
the i nterferi ng spectra.

2.2.1 ~j~f4 Primary Injector/H2 Secondary Injector Experiments
The first staged combustion experiments involved mixing of N2F4 into

the gas flow by means of the ni ne-vane primary Busemann biplane injector 
—

and H2 being added downstream by a single blade secondary wedge injector.
This configuration permi tted observation of the maximum NF(b) signal within
the viewing region of the first , upstream cell. This minimizes the trans-
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lation of the spectrometers required to scan the entire X~ ’ region of

interest.

For this configuration , the N2F4 is expected to mix , but not react ,
with the F/DF/He gas flow expanding from the combustor. Downstream where
the H 2 is mixed Into the flow , reaction wil l  ta ke place to produce NF(a)
in the region where HF(v 2) concentration Is also highes t , thus giving
good opportunity for NF(a) to NF(b) energy transfer by means of HF(v > 2).
In addition , if mixing of the N2F4 Into the gas flow is slow , by increas i ng
the distance .~X .’ between N2F4 and H 2 inj ection , the N2F4 wi l l  have more
time to fully mix prior to reaction .

For these experiments the NF(b) state intensity as a function of X~’
was observed for a matrix of flow conditions and hardware configurations
including different primary nozzle expansion ratios (AIA*) and varying

values . These experiments utilized flat sapphire windows on the cavity
and 1.4 nm optical resolution . All observations are made along the lasing
axis of the cell. The spectrometer wavelength setting was pos ition for
maximum NF(b) signal at 528.8 nm. For a given flow condition , the value of
the combustor F2 and cavity N2F4 flow rema i ned constant , and the balance of -

the gases , He , D2 and H2, were repetitively varied to maximize the NF(b)
signa l at X~ ’ 3.0 cm. Then X~ was varied at these flow conditions to
observe the change In the NF(b) signal. For all cases , the f1 ame appeared
yellow and homogeneously filled the reaction cell.

The results are shown in Figures 13 and 14 for the condition s given in
Tables 5 and 6, respectively. Two important points should be noted . Firs t ,
no major change in the magnitude or behavior of the NF(b) signal as a func-
tion of Xc

’ is observed over a wide range of hardware/flow conditions. The
maximum observed NF(b) state signal corresponds to about 2 x 1012 molec/cm3.
Second , for all cases , a reproducible local maxima is observed for NF(b )
between 1 and 2 cm for

The conclusion reached here is that wide variations in hardware / flow
conditions have little effect on the chemistry and , therefore , the concen-
tratlon of NF(b). One theory Is that there is a kinetic bottleneck early
in the reaction sequence and subsequent physical effects which would be
expected to influence the chemistry are unimportant. The observed local
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Figure 13. NF(b’~~) State Intensity Versus X~ for Case of
N2 F~ In Primary Busemann Injecto r and H2 in  Secon-
dary Wedge Injector. Experimental Conditions Given
in Table 5.
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Figure 14. NF(b’ z~ ) State Intensity Versus X~ for Case of
N2 F~ in Primary Busemann Injector and H2 in Secon-
dary Wedge Injector. Experimental Conditions Given
in Table 6.
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maxima may represent the reaction of NF2 residual in the N2F4 prior to
substantial heating. The ratio of this local maxima to the true maximum
NF(b) signa l may indicate that only a small amount of NF, is available. It
is unlikely that the other reactants , H—atom s and HF(v ~~2), are not pre-
sent in reasonable amounts . A similar local maxima was observed for some
cases in LAMP code modeling of the NF system done at AFWL and it was
associated with reaction of resi dual HF prior to reacti on of additional
HF2 produced by N2F4 thermal dissociation .

The NF(a) state emission was also observed In these experiments . The
intens i ty of the N2(B -‘ A) transition Is strong , however , and interferes
with a quantitative determination of NF(a) signal intensity . 

- 
-

Methane was used in place of the cavity H2 In order to try and
quantitatively observe NF(a). Methane can be used in the NF system because
both

F + CH4 HF(v) + CR3 
(9)

and

CR3 + HF2 
-
~ CH3F + NF (a~~) (10)

can take p iace .(2) While the NF(b) intensity Is somewhat reduced (‘
~ 

3X)
for CH4 compared to H2, the CH4 still produces NF(a) and the yellow N2
first positive emission is eliminated . This is because in contrast to
reaction (5), the reaction

CR3 + NF(a~~) -~~ CH3F + N*(’D) (11)

does not have sufficient exothermicity to produce the excited nitrogen
atoms. However, while it is experimentally observed that the N~ emission
disappears , it is replaced by the rich electronic spectrum of the CH2(b1 B 1 )
(a 1A 1 ) band which also interfers with quantitative observation of NF(a).

2.2.2 ~j2 Primary Injector/N2f4 Secondary Injector

These next experiments were i dentical to the previous ones described
in Section 2.2.1 except now the H2 cavity fuel is mixed upstream by the
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nine-vane Busemann primary injector , and the N 2F4 is added downstream by
the single blade secondary wedge injector. This should allow the N2F4 to

be mixed into a region of high temperature in the HF flame which may accel-
erate the thermal decomposition of Nj4. The NF(b) intens ity is now ob-
served to extend over the viewing region of both cells , and a point at
X c ’ 11.5 cm in the downstream cell is picked to maximize the NF(b) inten-
sity as a function of gas flow . Again , for a given fl ow condition , the
value of the combustor F., and cavity N2F4 flow remain constant while the
balance of the gases are repetitively varied .

For all these cases , the flame appeared yellow and originated as a
triangular shaped free jet expansion from the secondary blade when viewed
along the lasing axis. The yellow flame was not attached to the secondary
blade and s tood off about 0.5 cm in the downstream direction. By the time
the flame reached the downstream cell it homogeneously filled the obser-
vat ion region.

The results are shown In Figure 15 for the conditions given in Table 7.
P 1 and P2 are the cavity pressure taps located at X~ ’ 2.1 cm and 15.0 cm ,
respectively. Little variation in the NF(b) signal is observed for differ- -

ent flow conditions in the downstream region. For this reason, only Case 23
was studied in the upstream cel l region. The maximum in the NF(b) signal
apparently is In the region between the two cells which Is not available for
observation . However , from the intensity of the yellow flame and the trend
In the data in Figure 15 , the maximum NF(b) signal Is expected to be about
1 x l0 8 amps.

The magnitude and insensitivity to gas flow conditions for the NF(b)
signal is very similar to that observed in the experiments from Section
2.2.1 (Figure 13 and 14), and even a similar local maxima in NF(b) intensity
is observed at X~ ’ ~ 1 .0 cm. However , the maximum NF(b) signal is shifted
downstream to about X~ ’ 9 cm.

Case 25 in Figure 15 has the same F., and N2F4 flow as Case 23. For
Case 25 , X~’ 14.0 cm was picked for the flow maximation of NF(b) intensity
by the balance of the gases , D2~ He and H2 . The similari ty between the
flows and NF(b) signal for Cases 23 and 25 show that the choice of the X

~
’

value for Initial flow maximation is not of major concern . 
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dary Wedge Injector. Experimental Conditions Given
in Table 7.
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Again an attempt was made to observe NF(a) for the gas conditions and
configuration of these experiments . The NF(a) is still obscured by the
N~(B -. A) emission. It was found , however , that by reducing the combustor
D2 flow to 0.9 rmiol/sec for Case 23 , it was possibl e to change the flame to
a bright green color . Presumabl y, reducing combustor reduces the free
fl uorine atoms availabl e , and , thereby , reduc i ng the H-atoms in the cavity .
Without excess H-atoms , reac ti on (12) - 

-

H + HF2 -’ HF + NF(a~~) (12)

can compete with reactions (13) and (14)

H + NF(a~~) 
-
~ HF + N* ( 2 D ) (13)

N* ( 2D) + NF(a~~) 
-. N2(B

31g ) + F (14)

to eliminate the N first positive emission. However , decreased H—atoms
means there is less HF(v -~ 2)  to pump the i~F(b ~ 

) state. This is observed
for the green fl~’.me case , for while the flame is green , indicative of
NF(b~~~) emission , the magnitude of the NF(b) signal is down about a fac-
tor of ten from the yellow flame conditions.

The NF(a) signal is also reduced due to decreased H-atoms flow , and
the spectra is still obscured by the HF(3 -‘ 0) overtone emission in the
green flame . When H2 is replaced by D2 cavity fuel , the green flame turns
pale yellow and it is finall y possible to clearly observe the NF(a) state
spectra at 874 nm. However , these are not optimum conditions to produce
NF(a) and the signal is very weak.

2.2.3 Addition of Nitric Oxide to the Staged Combustion Device

As indicated in Section 2.2 .2 , it was possible to observe NF(a ) emission
but onl y for gas conditions whi ch do not maximize the concentrations of NF(b)
and NF(a ) . It is not possible to maximize the NF(a) signal at 874.2 nm

because of the interference of the N7 fi rst positive signal. To circumvent
this difficulty , nitric ox i de at flow rates about 1 x lO~ mci/sec is mixed
in with the hydrogen cavity fuel leading to the Busemann prima ry injector.
The NO is expected to remove the N( 2D) atoms which are the precursor of

_
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N2(B3n ) without substantially affecting the concentration of other gasg (7)species . The NO flow is metered by a sonic flow ori fice system similar
to that used for the other gases (see Secti on 2.1.2 ) , and it Is mixed with
the H2 flow sufficiently far upstream to allow for mixing of the two gases
prior to reaching the primary injector.

The major effect of NO addition is that the flame changes from yellow
to bright green. Spectral scans of the visible region indicate that the N2
first positive is almost completely absent, and the NF(a) spectra is clearly
observed. Even the NF(b) ~v = -1 emission at 562 nm is clearly visible.
If gas conditions are chosen which first maximize the NF(b) signal , upon
addition of NO, the NF(a) spectra is about a factor of ten stronger than
even the HF(3 -

~~ 0) spectra in the same region . It is not necessary to
change to 02 cavity fuel to clearly observe the NF(a) spectra .

It is now possible to adj ust the gases to maximize the NF(a) signal.
Case 27, given in Table 8, is a representative example. The F2, N2F4 and
NO fl ows remained constant wh ile the balance of the flows are varied to maxi—
mized NF(a) at the X~ ’ = 2.0 cm position. The vari ous gases coul d be ad-
j usted over a fairly wi de range without the return of the yellow flame sup-
planti ng the green fl ame. As long as the green NF(b) flame is observed in
the reaction cell , the NF(a) signal is not interferred wi th. This fact is
routinely checked by scanning the region of the NF(a) spectra . Figure 16
shows the quenching 0f the N2 fi rst positi ve signal at 650 nm in the region
of the ~v = 3 progressIon .

The gas conditi ons which maximized NF(a) signal also are nearly the
same which mixim i ze NF(b) . Figure 17 shows the NF(b) intensity as a func-
tion of X~’ for Case 27. Duri ng the cours e of experiments for Case 27 ,
the available N2F4 supply was low , and decreased flow rates of Nj4 were
necessary compared to Cases 22 to 25 given in Table 7. However , the magni-
tude and form of the NF(b) signal is about the same when comparing Figures
15 and 17.

Figure 17 also shows that NO has little effect on the NF(b) signal.
The green flame has much the same shape and character as the yellow flame.

The NF(a) signal at 874 .2 nm displayed in Figure 17 is similar to
NF(b) -In -I ts X~ ’ dependence. The fict that both NF(a) and NF(b) continue
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Figure 17. NF(a 1
~ ) and (b ’~~) State Intens ity Versus X~ for

Case of H2 and NO In Primary Busemann Injector
and N 2 FL in Secondary Wedge Injector. Experimen-
tal Conditions for Case 27 Given in Table 8.
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to rise within the viewing region means the conversion of NF(a) to NF(b)
by V-E energy transfer involving HF(v > 2) has not reached a region where
HF(v 2) has started to drop signifi cantly. If this were the case , NF(a)
might continue to rise but NF(b) would have reached a peak value.

It is generally believed that the subsequent energy transfer and quench-
ing reaction involving NF(a) will be slower than its rapid production from
NF2 and H_atoms .

(2
~
7) (In Figure 16 , while the intensity of NF(a) is less

than NF(b), the NF(a) concentration is about a factor of fifty hi gher due
to the differences in the radiative lifetimes of the two states.) Hydrogen
atoms are expected to be copious throughout the observation regi on of Figure
17 and the NF(a) signal is , therefore , a measure of the NF2 concentration .
The gradua l rise of the NF(a) and the fact that its maximum signal is pro—
bably much farther downstream indicates that NF2 is continually being pro—
duced along the flow axis. The linear flow rate of the gases corresponds
to about 25 ~sec/cm , and the observation of the NF(a) signal indicates that
on a time scale of several hundred microseconds , the Nj has not reached
equilibrium in its thermal decomposition .

2.2.4 Use of Nitrogen Purged Brewster Angle Windows on the Staged Combustion
Device.

The results from Section 2.2.3 aga i n ind icate that the NF2 is the limit -
Ing reagent in the system , and on the time scale of the supersonic flow ,
Nj4 thermal decomposition is slow .

All of the previous experiments were done with flat sapphire window s
which require no purge gas flow. For such a smal l laser device , the N 2 purge

gas associated with CaF2 brewster windows is known to increase the cavity
pressure by a significant fraction . This subsonic gas flow compressing the
main HF-NF f lam e from the sides has the effect of increasing the temperature
as well as pressure of the flow field. In this way , the purge flow acts like
a shroud causing some of the supersonic gas flow energy to be released to gas
enthalpy instead of free jet expansion . The overall effect should be an in-
crease in reaction rates including N2F4 thermal decomposition and a short-
ening of the reaction zone length .

This hypothesis was tested by the addition of CaF 2 brewster wi ndows in
place of the two flat sapphire windows closing the lasing axis in the upstream
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viewi ng cell. The resul ts are shown in Figures 18 and 19. In Figure 18,
the NF(b) signal at Xc ’ = 2.0 cm was observed as a function of N2 purge flow .
The cavity pressure rises cont i nuously wi th N2 flow . The NF(b) signal first
drops , then rises to about three times its original signal level. This mi -
tial decrease may represent a fal l in HF(v > 2) concentration as a result of
V-I deactivation at the increased cavity pressure . The overall increase in
NF(b) intensity probably reflects increased N2F4 thermal decomposition.
These measurements were made for Case 27 conditions including NO flow as -

indicated in Table 8. The Nj4 fl ow was 0.20 x lO~~ mol/sec for these runs
due to diminishing Nj4 supply. The N2 purge flow does not appear to sub-
stantially alter the flame . The fl ame is more intense close to the secondary
blade and some pinching in from the sides is observed . -;

Figure 19 shows the variation in NF(a) and NF(b) intensity as a func- -

tion of Xc ’ S The experimental conditions here are identical to those in
Figure 17 except for the additi on of brewster windows with a N purge flow
of 28.4 x l0 mol/sec, and a N2F4 flow of 0.20 x 10 mol/sec. Both the
NF(a) and NF(b) have increased , and a maxima is observed for both within
the viewing region. The NO flow has a signal enhancement effect on the NF(b) -

signal unlike the previous situation without the N2 purge . While the increase
of signals observed between Figures 17 and 19 is not large , being about a
factor of two or three , t h i s  does lend evidence that the Nj4 is not fully
dissociating . A prelimi nary analysis indicates that the NF(a) signal is
about a factor of fifty less intense than would be expected if the N2F4 was
fully dissociated and there were no significant deacti vation channels for
NF(a).

2.2 .5 Quantitative Measurement of NF (a)~~ and (b1z)~~ Population Densities

The assumpti ons have been made that there is a substantial amount of
H—atoms and HF(v > 2) in the fl ow field, and that the gas temperature is
high enough (> 600°K) to dissociate N2F4. The goal of the final set of
staged combustion experiments is to quantitatively determine the concentra-
tion of the gas species including NF(a) and NF(b) so that the limi tation
which results in less than anticipated NF excited state intensities can be
identified. It is preferable to work at conditions which maximize both
NF(a) and NF(b) population , so the experiments will use the purged brewster
wi ndows. Nitric Oxi de will be mi xed with the H2 cavity fuel to del i neate
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CASE 27 WITH N2 BREWSTER WINDOW PURGE

A NF (o 1A)

o NF (b 1 * )

• NF (b 1
~~~), WITHOUT NITRIC OXIDE

3 —  —

2 -  -

0 1 1 I
0 1 2 3 4 5

x~ (cm)

FIgure 19. NF(a 1
~ ) and (b1~~) State Intensity Versus X~ for

N2 Window Purge Case. H2 and NO in Primary Buse-
mann Injector and N2 F~ in Secondary Wedge Injector.
Experimental Conditions for Case 27 Given in Table
8 Except N2 F~ Is 0.20 x lO~ mol/sec . N2 Purge
Flow Is 28.4 x iO~ mol/se c. Cavity Pressure P1Is 4.04 torr .

49 

-_
~~~~~~~~~~~~

-

~

_ -—-

~ 

—- ----~~—- -



--

the NF(a) spectra . It is assumed that the NO has little effect except to
quench the N2 firs t positive . The infra red diagnostic is Included in this
experiment to mon i tor HF(v). Care is taken to insure that the spectra l
function of both the Infrared and visible system is triangular and of known
width .

The F2 and N2F4 flow remained constant while the balance of the gases
including NO and N2 purge are varied to give favorable conditions. The
NF(a), NF(b) and HF P2(6) line were mon i tored at Xc ’ 2.0 cm as the gases
were varied . This variation is not a completely independent process for
each gas. For some cases a modest increase in NF(a) signal would result
in a marked decrease in HF(v > 2) and , therefore, a sharp decrease in NF(b).
In other cases , the flame would change from green to a bright yellow , al-
most white. This was the N2 firs t positive coming up in intensity and ob-
scuring the NF(a) signal. For these cases no amount of available nitric
oxide was able to quench the N2. In any even t, a set of flow conditions
was settled upon for which both NF(a) and NF(b) appeared intense , and for
which N2 firs t positive was sufficien tly quenched. This is designated Case
38 in Table 8.

2.2.5.1 Calculation of Absolute Population Densities

The HF(v) population densities and rotational temperature result
from the infrared spectra as discussed in Section 2.1.3 .1. The details of
calculati ng the NF excited state number densities are discussed here . Fig-
ures 20 and 21 are the high resolution NF(a) and NF (b) spectra , respectivel y,
observed for Case 38. In Figure 21 the 0-0, 1-1 , and 2-2 bands of NF (b1~

’
~ •

x3zi are visible. In each band there are five branches ; °p , Qp , QQ, ~R ,
and SR (l2) The three Q-form branches form the primary head of each batid.
The unformed °P branch for the 0-0 band is visible at about 531 tim . The
0-1 (562 nm) and 1-2 (560 nm) bands were also observed but at a much reduced
intensity . The spectra l res&ution is such that individual vibration - L
rotation lines are not resolved . The NF(b) population density is obtained
from the spectra in Figure ~l in the follow i ng manner .

The monochrometer entrance and exit slits are the same width (and
height) and a tri angular slit function Is appropriate. With the mono-
chrometer set at ‘

~ ‘ the relative contribution from light between \ + d\

-s--  
_ _ _
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due to this slit function is

S(x ,x0)dx = [1 — \—x 01 /FWHM]dA (15)

for < FWHM , and = 0 elsewhere , where FWHM is the instrumental
full width at half maximum due to the finite slit . When the standard Eppley
l amp is used to calibra te the detection system , the amperes of signal observed
at the output of the photomultiplier tube (PMT ) with the monochrometer set
at is

amps(x 0) = 1.6 x lO~~9JN(x) 
. A • S(x ,x0) • T(x) • QE(x) . G • dx (16)

where N(\) is the photons/cm3-sec-nm produced by the Eppley l amp at wave-
length \ at the entrance slit of the monochrometer , A is the slit area, T(\)
is the spectrometer and assoc iated optics transmission at \ , QE (x) is the
quantum efficiency of the PMT photocathode , and G is gain of the PMT. It
is ass .ined that the wavelength dependence of N(x), T(x), and QE(\) is much
slower than is S(A,x0). Equation 16 simplifies to

amps(\0) = 1.6 x io~~ . A . G . N(\0) • 1(x0) . QE(x0),,fS(~,x0)dx 
(17)

= 1.6 x io~~ A • G • N (x 0) . T(x0) . QE(x 0) .FWHM (18)

amps(x 0) is taken from a calibration spectra done with the Eppley l amp ,
from the NBS traceable Eppley l amp calibration and the energy of pho-

tons wi th wavelength 
~~ 

and FWHM is determined experimentally using a line

source much narrower than the slit function (e.g., a laser or an HF(.~v = 3)
vibration -rotation line). A wavelength dependent calibration constant
C(x0) can be wri tten in terms of known quantities

1.6 x l0 19 . A . G • 1(x0) 
. QE (x 0) = amps(x 0)/[FWHM 

. 

~~~~~~~ 
(19)

= C(x0)

A , the slit area , Is kept on the left hand side of Equation 19 for conven-
lence , although it is known .

__ _  _



.
~

———-- 

The identical optics /spectrometer/detector system is used to observ e
the NF signal. Let 1( x )  be the photons /cm2-sec-nm produced by the NF ex-
ci ted state emission at the entrance slits at wavelength x . The signal

in amps observed at the wavelength 
~ 

is then

= 1 .6 x lO
_ 19 

. A • G . T(\~) 
. QE(A 0)~Ji(x). S(~,x0)dA (20)

= c (x 3 ),,fI(~) S(\,x~)dx (21)

In Equation 21 , X( x 0 ) is the measured spectrum which results from the actual
spectrum 1( x) convoluted by the slit function. C(x 0 ) i s known from the pre-
vious calibration .

The spectra l resolution for these experiments was chosen to p rov ide
a balance between measured signal levels and sufficient resolution to clearl y

i dentify the NF(a) and NF(b) spectrum as well as interferi ng spectral fea-

tures from other molecules . Since the observed emission features have about
the same order wi dth as the slit functi on , Equation 21 must be integrated
numeri call y to obtain the integral of the absolute photon flux. Since
C(x0) is approximately constant over the emission spectrum , integra t ion of
Equation 21 over x 0 g ives

JX( x 0 )dx 0 = C(xo)jI(x)JS(x~x0)dx0dx ( 22)

= C(x0) . FWHt-1J1(x)dx ( 23)

JI(x )d x = JX(\0 )dx 0/ [ C(x 0) . FWHM] (24)

Tha t is , the integral of the observed spectrum done with a planimeter is
related simply to the integra l of the absolute photon flux.

For the- NF(b) state emission spectra in Figure 21 , the integrated
absolute photon fl ux can be converted to emi tter number density by

[NF(b 1:~ )] = f I J~
Ib(\)dA (25)
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where T b is the radiative lifetime 0.015 sec for the NF(b 1z~ -
~ X3~~) band~~

and I is the optica l path length. The integrated photon flux jIb(x)dx for
NF(b) is derived for the entire experimental ~v = 0 spectrum from v ’ = 0 to n,
but it is still necessary to account for the .~v = -l spectra not included in
the integration . This is done by dividing by the Frank Condon factor , f = 0.9,
for the .~v = 0 bands . In this way , the N F ( b )  state population density ob-

tained in Equation 25 is sumed over all vibration al levels which are observed
to be populated for the b 1f~ electronic state .

The NF(a 1
~ ) populat ion dens ity is obtained in an identical manner except

for two minor differences . First , only the 0-0 band of the NF(a 1A X3~~)
is observed in Figure 20. The main head at 874.2 nm is made up from three
Q-form branches .~~~ Eight of the nine branches possible for this band are
iden tified in Figure 20. No ~.v = 0 bands from v ’ > 0 are observed , however
they may be weakly un derlying the observed spectra . Bands from .~v = -l
have not been observed by us or others .~~~ The result is that for the
NF(a 1.1) population density , a Frank Condon factor is not used in the Equation

= 
~~~~~~~~ 

(26)

where is an est imate (8) for the NF(a~ -
~ X3:) radiative lifetime of

0.7 sec, I is the optica l length , and JI (.\)dA is the integrated photon
flux of the observed NF(a) emission spectrum obtained from Equation 24.

The second difference concerns the HF(v = 3 -
~ 0) lines which in terfere

slightly wi th the NF(a) emi ssion . These HF lines are shown in Figure 20,

but at these flow conditions the NF(a) is more intense. Figure 22 is for
the i dentical conditions except 02 has been substituted for the H2 cavity
fuel. Comparing Figures 22 and 20 , it is a simple matter to integrate out
by “eye” the interferi ng HF spectra. This is further aided by the observa-
tion of the magnitude of the HF P3 ~~ 

and P 3 -
~ o~

2
~ 

lines . These lines
fall in a region where no NF(a) emission is present and the lines give a
quantitative estimate to the magnitude of the HF R-branc ri lines . This
correction for the presence of the HF R-branch lines is made when integra-
ting the observed NF(a) emission spectrum for use in Equation 24.

One final point concerns the N2 first positive emission . As can be
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seen in Figure 20 , the region between the well resolved HF P3 ~( 1) and
-
~ o~

2
~ 

l ines has returned to the zero si gnal level . Th i s would be a
region where the N2 emiss ion wouid normally be seen when present in suffi~-
cient intensity to interfere with the NF (a) spectrum . In practice , for all
the NF(a) spectra l scans , obs ervat i on was exten ded th rough th i s region to
observe both the intensit y (or lack of) for the HF P-branch lines and N,
first positive bands .

2.2.5.2 Results

Figure 23 shows the variation in the NF (al- . NF(b) and HF P2 1 (6 )
intensity with X~ ’ for Case 38. The slits are considerabl y more narrow

(0.5 nm) than for the previous experiments , so the signal magnitudes cannot

be compared directl y. There is an induction period until Xc ’ = 0.5 cm be-
fore substantial reaction or mixing takes place. After that point , both
the NF(a) and NF(b) rise sharp ly. The NF(b) has a definite maximum at

Xc
’ = 2.0 cm, and falls af ter t ha t poi nt. Th i s is p robably due mostl y to

a decrease in HF(v > 2) concentration . In contrast , the NF (a) si gnal levels
off and only slowly decreases with Xe

’ . This behaviour is followed by the
flame . W it h the NO flow on , the bright green flame is observed only in the - -

upstream cell. In the downstream cel l (Xc ’ 10.6 to 16.8 cm) no green
flame is observed indicating that the NF(b) is no longer being produced at
large X~ . In fact, there must be a quenc hi ng mechanism to decrease NF(b),
probably the near resonant E-V energy deactivation by HF(v = 0).

With the NO flow off, the entire viewing region , even downstream of
the second view ing cel l , is a bright yellow flame . The yellow flame remains

the same even when 02 cavity fuel is used . NF(a) and H or 0-atoms are
necessary in the steps leading to the N2 first positive emission (see reac-
tions 13 and 14 above), and the short radiative lifetime ( -t - 5 ~sec) of the
N2(B311g) state means that the yellow flame is essentiall y a tracer fo r  NF(a)

and excess H-atoms . The extent of the yellow flame means that excess H-atoms
persist far downstream , and NF(a) is either continually produced or has mini-
mal reaction/deactivation over a long flow distance. The gradua l decrease

of NF(a) in Figure 23 would indicate that fast reaction/deactivation proces-
ses are not probable for NF(a).

It was not possible to make a spectral scan at all the points indicated
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30 IS

o NF ( b 1
~~~~~ CASE 38

a NF 2 • sc ol.

A HF P2 (6)

3 0 0

X’ (cm)

FIgure 23. NF(b~E~ ), NF(a ’~ ), and HF P~~1(6) Peak Emission
Intensity Versus for Case 38 Conditions .
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In Figure 23. FIgure 24 does show that the integrated intensity of the
experimenta l spectrum does follow the trend shown by the peak intens ity va l-
ues in Figure 23. The values for NF(a) and NF(b) population density der i ved 

—

from Figure 24 at Xc ’ = 2.0 are given in Table 9.

Figure 25 shows the resul ts of the simultaneous Infrared measurements .
The HF(v 2) concentratIon is on the order of 2 x 10 14 molec /cm3 through-
Ou t the reaction region until i t drops sharply after Xc

’ = 3.0 cm. Th i s
means there should be sufficien t vibrationally excited HF available for

V-E energy transfer with NF(a) to form NF(b). A sharp drop in NF(b) would
be anticipated beyond Xc ’ = 3.0 cm. The drop in NF(b) after X~ ’ = 2.0 cm
noted in Figure 23 may indicate the already declining value of NF(a) concen-
tration as well as HF(v = 3). The HF(v = 3) is more nearly resonant than
HF(v = 2) for the V-E energy transfer process. The lack of any NF(b) ob-
served in the downstream cell certainly reflects the complete deactivation
of HF (v 2) and a corresponding rise in HF(v 0).

While there is no measurement of the HF (v = 0) concentration , it is
estimated to be about 4 x 1015 molec/cm3 at X~’ = 2.0 cm. The cavity
pressures are high enough to expect a significant deactivation of HF(v) -

to the ground state. This would mean that the observed ratio of NF(a) to
NF(b) of 30/1 is very nearly the equilibrium concentration expected at
l000°K for the given HF(v) concentrations .

The rotational temperature given in Figure 25 ind i cates a gas temperature
of about l 000°K. This should be more than adequate to dissociate the N2F4
at equilibrium . Since to a first approximation [H) = ~[HF(v)3 ~ 5 x 10

15

molec/cm , there should be a copious amount of H-atoms to react with any 
- 

-

NF2. The persistance of the yellow flame far downstream indicates excess
H-atoms are surviving a considerable distance. If we assume that for
Case 38 all of the free F2 in the combustor is converted to F-atom s, and
that all the H2 (which is slightly less than the available F-atoms ) is con-
verted to H-atoms , the gas flows as they reach the secondary N,F4 

injector
would have the values given in Table 10. If the further assumptions are
made that all the N2F4 dissociates , and all the NF2 reacts with H-atoms
to form NF excited states withou t any subsequent deactivation or reaction
of NF , the gas flows downstream from the secondary blade would have the

_
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Table 9. NF Excited State Production by Staged Combus tion .
Results for Case 38 at X ’~ = 2.0 cm.

NF(a~~) 6.8 x i&~ molec/cm
3

NF(b 1E~ ) 2.3 x i&2 molec / cm 3

HF(v 2) 1.9 x 1014 molec /cm3

NF(a )/NF(b~f
’
~) 30/1 , Equilibrium

Ratio

N2F4 Dissociation 1%
Efficiency

Gas Pressure 6.1 torr

Gas Temperature 985°K

Linear Flow Velocity 4 x lO~ cm/ sec
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Figure 25. HF(v) Population Density and Rotational Temper-
ature Versus X ’~ for Case 38 CondItions.
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Table 10. Case 38 Gas Flows Upstream of Secondary
Injector.

Gas Flow (x 1O~~ mol /sec )

He 5.5

DF 3.5

F 0.2

H 1.8

EHF(v) 1.8
V 

2.2

Table ii. Postulated Best Case NF Gas Flows Down-
Stream of Secondary Injector for Case 38.

Gas Flow (x 10~~ mol /sec )

He 5.5

DF 3.5

F 0.2

H 0.8

EHF(v) 2.8

NF* 1.0

NO 2.2

63 
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values in Table 11. The N2 purge gas flow is not included in Table 11

since It does not mix with the flame gases , but rather only provides a
confining sheath flow . From the measured pressure and temperature in 

- -

the cavity , the mole fraction of total NF* excited states in this most
optimistic case would correspond to a concentration of about 3.8 x 1015

molec/cm3. The sum of NF excited states measured for Case 38 at X
~

’ =

2.0 cm corres ponds to 2% of this maximum amount. This would correspond only

to one percent dissociation of N2F4 if all the subsequent NF2 was utilized
with complete efficiency .

This NF2 utilization rate of two percent is a lower bound and given
the level of the various assumptions of perfect mixing and reaction , the
N2F4 dissociation is probably more in the one to three percent range. This
is still considerably l ower than what is expected at l000°K. However , a
low NF2 concentration explains the low concentration of NF(a) that is
observed . The low steady state concentration of NF(a) means that the pro-
duction and removal rates of NF(a) are nearly balanced . The slow decay
of NF(a) concentration reflected in Figure 23 would indicate that the pro-
duction rate is also low. The rate constant for the reaction of H-atoms 

-

wlht NF2 is large at about 0.1 gas kinetic; the concentrations of H-atoms
is high; the remaining cause of a low production rate is a low NF2 concen-
tration.

The flame cross section is estimated to be 2 cm x 3.5 cm = 7 cm 2, and
this value is used to estimate the linear flow velocity in Table 9. This
corresponds to a 25 Msec/cm time scale in the flow direction .

2.3 CONCLUSIONS

The main conclusions for the staged combustion experiments come from
the quanti tative measurements done for Case 38, and they are summarized
below .

• The low concentrations of NF(a) results from low NF2 concentrations .
The bottleneck in the NF2 production rate results from slow therma l
decomposition of N2F4 on the supersonic flow timescale.

• NF(aL~) and NF( b~~’~) can be produced in an exclusively chem i cal
reac ti on , laser type device. All experimen tal observations are
consistent with established chemical reaction mechanisms . No undue
handling or materials problems were encountered .
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• In a rea]i~ tic chemical laser environment , the quenching of NF(a~~)
and NF(b ~ 

) appears to be slow. The oossibility exists that NV
self quenching could be a factor at higher NF concentration .

• Besides the one to three percent thermal decomposition efficiency
of N2F4 , no kinetic bottlenecks or competing reactions were
encountered . Mixing of N2F4 appears to be homogeneous from - -

observations of the flame.

• It is possible to produce sufficient HF(v > 2) to efficientl y trans-
fer NF(al

~ ) to NF(b
lr’~), and to effect an equilibrium ratio between

the NF (al
~ ) and NF (b

l r~) concentrat ions.

The last point deserves some additional coni-nents . The method which -

would probably be used to increase the N2F4 decomposition rate and ultimately
raise the NV excited state concentrations to a value necessary for cw lasing
probably entail increasing the cavity pressure . Any such pressure increase
is going to rapidly deactivate HF(v 2). Such deactivation not only decreas-
es the rate of the NF(a) to NF (b) transfer, but provides more HF(v = 0)
to oppose this energy transfer. The best that could be hoped for would be
to establish equ ilibri um for the process 

-

HF(v 2) + NF (a~~) HF(v = 0) + NF (b~~~) (27) -

Decreased HF(v 2) and increased HF(v = 0) would unfavorably shift the
equilibrium to NF(a~~). Also the production step for NF(a) itself produces
HF(v = 0).

The advantage of transferring energy from the NF(a) to NF(b) state is
the factor of ten less NF(b) State concentration compared to NF(a) that is
required for threshold lasing . It is unlikely , however , that for HF(v 2)
used as the energy transfer medium , sufficient NF(b) would be generated for
lasing if NF(a) is not already of sufficient concentration to lase itself.

Overall , staged combustion still appears to be a viable concept for an
NF laser. The main problem to solve is the N2F4 dissociation , and this is
a problem which may not be unique to the staged combustion laser. Some
preheating of the N2F4 in a subsonic flow section to produce NF2, not unlike
F-atom production in a conventional combustor is envisioned . Injection of
NV 2 itself i nto the laser should remove any kinetic bottlenecks . The
staged combustion device is flexible enough that it can easily be scaled in
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size by usi ng an array of the wedge shaped injector blades rather than the
single one used here . 
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3. TRI-STREAM No:zLE EXPERIMENTS

The tn -stream nozzle (TSN) allows -for mixing of three component gases
at the throat of a slit nozzle, prior to substantial expansion. The TSN
hardware has previously been used as a DF laser device ,~~ and it represents L

a second technique for mixing the three reagents N2F4, H2, and F-atom s re-
quired for the NV system. The TSN experiments were primarily desi gned to
gather quantitative data for a given set of flow conditions to compare to
previous LAMP modeling calculations performed at AFWL for the TSN .

3.1 EXPERIMENTAL

The TSN experiments are identical in almost all respects to the staged
combustion experiments except for the size and confi guration of the nozzle.
The details of the gas handling , optical diagnostics , and data reductions
techniques will be mentioned only where they differ from those described in
Section 2.0. The main concern in the TSN experiments is the scale of the
nozzle means about a factor of fifty higher N2F4 flow , and , therefore , rapid -

scan techniques must be utilized to record data in a short time period . - 
-

These details will be discussed below .

3.1.1 Experimental Apparatus

The experimental apparatus is shown scheimatically in Figure 26. Fig-
ures 27 to 29 show several views of the experiment. The mixing block 84
of the smallest element size (L = 0.24 cm) and the C3 contour nozzle with
area expansion ratio A/A* 10 are used for all experiments .

The order that the various gases issue from the mixing channels in the
nozzle throat has the pattern

F, N2F4, H2, N2F4, F, N2F4, H2, N2F4, F.

F represents the combustor flow which contai ns fluorine atoms along with He
and OF. The N2F4 and H2 are injected as pure gases without dilution. The

— element length 1e is defined as the distance between the centerline of the
F-atom port and the centerline of the next adjacent H2 port . The nozzle
exit dimensions are 6.35 cm x 1.02 cm , and the mixing block contains thirteen
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Figure 26. Tn -Stream Nozzle Experimental Apparatus .
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F-atom ports , twenty-six N2F4 ports , and fourteen H2 ports . The entire nozzle

assembly is water cooled . Additional details of construction of the TSN
hardware is given elsewhere J~~

The TSN and its adaptor flange are mounted to a water-cooled vacuum
box . The gases are allowed to expand free jet into the cavity . The vacuum
box contains viewing windows which allow observation of the NF fl ame for a - 

-

distance of 13 cm downstream from the nozzle exit plane. Distance along the
flow axis is measured from the nozzle exit p lane and des i gnated X~. The cav-

ity is fitted with two pressure taps , P1 at X~ = 0.6 cm and P2 at X~ = 11.8 cm.
0—10 torr MKS absolute capacitance manometers are used to record the cavity 

-

~ 
- -

pressures.

The existing MK-VI water—cooled combustor is fitted to the TSN hardware .
The aluminum combustor is 15.2 cm in length and has a flow cross section of
17.8 x 3.8 cm. The combustor reactants F2, 02, and He are mixed by a copper r
shower-head impinging -jet injector at one end. The combustor pressure P~ is
monitored by a Viatran 0-15 psia strain guage type pressure transducer. 

- 
-

The gases flow through a straight duct , water-cooled heat exhanger prior
to being pumped away by the vacuum system.

3.1.2 Gas De1iv~ry System

The F2, D2, H2, and N2F4 flows are metered by critical flow orifices
contained in a flow panel . The flow panel can be seen in Figure 27. He corn-

bustor diluent is metered by a rotometer system. All the gas flow systems
have been calibrated wi th the test gases using Matheson linear mass flow trans-
ducers . Argon was used for F2, and SF5 for Nj4 in their oni-fic calibrati ons,
and the appropriate sonic orifice correction factors applied .

Of special note is the problems encountered due to large pressure drops
associated with the N F flow through the small ports i~-i the mixing nozzle.
The nozzle was originally designed for He diluent to flow through these ports ,
and the higher molecular weight N2F4 encounters a substantial pressure drop.
Also , the N2F4 is flowing -into the throat of the nozzle where pressures are
on the order of 0.5 atm when the other gases are on. The result is that for
typical N2F4 flow rates , the pressure upstream of the mixing nozzle is about
0.8 atm . The resul t is the l ower bound of the N2F4 pressure which is suffi-
cie, : to drive the Nj4 flow metering orifice in a choked flow mode is 1.6 atm .
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This in turn limits the amount of useable N2F4 in the supply bottle (N2F4
pressure is 7.8 atm in a full bottle). A vacuum gauge is used downstream
of the orifice , and upstream of the N2F4 mixer to ensure that choked flow
conditions are maintained .

3.1.3 Optical Diagnostics

The infrared and visible diagnostics are used in the same manner to
determine HF(v), NF(a~~), and NF (b

1E~) population densities and the gas tern-
perature. All measurements are made through flat sapphire windows along the
lasing axis of the nozzle (see Figure 29). A bellows and lab jack system
is used to translate the spectrometers along the -flow axis , and care is
taken to insure that both spectrometers simultaneously view the center of the
flame at the same Xc value .

The scanning speed of the visibl e spectrometer is set at 10 nm/sec,
and the i nfrared spectrometer at 80 nm/sec. These scanning speeds require
5 sec to complete the NF(a) and HF(v) spectra and 2 sec to complete the NF(b)
spectrum . A fast light pen Visicorder is used to record the spectra on this

time scale.

It is necessary to demonstrate that at these rapid scan speeds , the time
constants associated with the detector electronics and recording equipment

does not distort the spectral line shape or clip some of the observable in-
tensity . This is conviently checked prior to the NV experiments by viewing

the HF fl ame in the TSN apparatus . The HF flame provides a number of sharp
spectral lines for ~v = 1 in the infrared and ~v = 3 in the visible. At
the proper time constant settings for the detector electronics , the intensity
and FWHM of individual spectral lines agree with the same values at much slow-
er scan rates . Figure 30 shows a typical HF(v = 3 -~ 0) spectrum taken at the
fast scan rate.

The visible spectrometer slit height remains at 2 ni-n , but the infrared
spectrometer slit height was increased to 4 mm because of observed signal

levels. Both slits are positioned perpendicular to the flow axis. A new

sensitivity calibrat ion is determined for both the infrared and visible sys-
tem immediately following the TSN experiments .
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3.2 RESULTS

Initially, a set of flow conditions were decided upon for the expeni -
ments , and they are l abeled preliminary in Table 12. These flow rates were
chosen by considering the supply of N2F4 available , safety of handling flows
in the laboratory , and flow rates and combustor pressures used in the LAMP
modeling calculations .

During the course of an experimental run , the pressure upstream of the
sonic metering orifice for N2F4 and F2 (and, therefore, the gas flow) was
monitored along with the combustor pressure 

~c 
and the two cavity pressures

and P2. The data were recorded on fast strip chart recorders . In prac-
tice for a given run , the F2, D2, He , and H2 were turned on and all checked
to confi rm that their nominal flow rates were correct. These flows remained
constant from run to run . The N2F4 flow did vary slightly from run to run
as the supply bottle was depleted . The recording system allowed for the
actual flow during a run to be measured . The N2F4 would usually take 1 to
2 sec to level off after being turned on , and this was allowed to happen
prior to beginning of the spectral scan . The resulting operating pressures
are given in Table 12.

When preliminary gas conditions were turned on , the bright yel l ow flame
appears throughout the cavity . Photographs from the side indicate twelve
bright fi l aments in the flame which correspond in position to the twelve
N2F4-H2-N 2F4 mixing tri plets . The filaments do not seem to expand appre-
ciably until about X~ = 5 cm, where the flame merges into a more homogeneous
appearance .

Overall , the bright yellow flame seems steady , but there is an observable
flickering associated with it. When either HF or NF emission is monitored
this flickering is easily observable. The magnitude of this flow instabil-
ity seriously degrades the signal.so as to ma ke quantitative measurement
nearly impossible. Both the infrared HF and visible NF signals , comi ng from
two separate detectors both oscillate in phase and at the same frequency
(28 hz). The oscillation is present throughout the flame region , and there
must be a resonant flow instability for these flow conditions . While it was
possible to detect NF(a) and NF(b) emission the signal to noise ratio of
about 2 to 1 precludes quantitative measurement.
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The F2 and N2F4 flow were vari ed over a considerable range wi thout
minimizing the flow instability . Then the He flow was reduced with a marked
increase in the NF signa l and a disappearance of the flickeri ng . These flow
conditions now constitute the final test case conditions given in Table 12 ,
and for which quantitative measurements were possible.

For the test case conditions , the twelve filaments are st-ill clearly
discernable from the side of the flame , but they now seem to merge at about

= 2.5 cm to form a homogeneous yellow flame for the balance of the view-
ing region. Viewed along the lasing axis , the flame appears to be a simple
free jet expansion with a brighter core extending from the nozzle throat to
about X

~ 
= 2 cm.

A number of individual experimental runs were required to gather the
necessary data. While the nominal conditions for the test case are given
in Table 12 , Table 13 gives the conditions for individual experiments . The

Nj4 supply bottle pressure is decreasing during the course of these experi-
ments and this is the source of the variation in N2F4 flow rate.

The HF(v) i nfrared spectrum and NF(a) visible spectrum are recorded
simultaneously. Figure 31 is an example of this. This spectrum is recorded
in five seconds . The NF(a) is clearly i dentified and the HF(v = 3 -

~ 0)
lines falling in the same region are labeled. In the range X~ = 1 to 5 cm ,
no interfering N2 first positive emission is observed in spite of the fact
that ni tri c oxide was not used in these experiments . The solid line passing
through the NF(a) spectrum in Figure 31 encloses the area used for intensity
integration of the NF(a) after correction for HF(v 3 0) lines . The
appearance of the HF(v = 3 0) spectrum is shown in Figure 30.

At Xc > 8 cm , the NF(a) and HF(v = 3 + 0) intensities have decreased ,
an d the N2 first positive emission now dominates the 870 nm region as shown
in Figure 32. It was not possible to make a quantitative NF(a) measurement
In this region .

Figure 33 shows the NF(b) spectrum . This scan requires 1.5 sec. The
NF(b) is clearly observed throughout the viewin g region .

The results for the integrated signal intensity of NF(a) and NF(b) are
shown In Figure 34. Measurements between X = 0 to 5 cm are taken in the
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upstream window, between = 7 to 13 cm in the downstream window . Figure
35 shows the HF(v) population density and temperature resulting from the
Infrared spectra. Comparing these results to the staged combustion device
(Figure 25) , the HF(v ) populati ons for the TSN are about a factor of five
higher , and over the range of X~, no sharp drop in the population density
is measured. The temperature rise of 700 to 1600°K is in contrast to the
nearly constan t l000°K temperature for the staged combustion system , and
is indicative of continued heat release due to chemical reaction .

Figure 36 shows the results for the populati on density of NF(a), NF ( b )
and HF (v > 2). The optical path length is taken to be 6.5 cm. In contrast
to the s taged combustion results , the NF(a) excited state population den-.
sity drops continuously over the viewing region . The point of maximum NF(a)
concentration appears to be very close to the nozzle, and may even be inside
since reaction can start taking place in the nozzle throat.

The concentration of HF(v > 2) and presumably H—atoms is sufficientl y
high so not to limi t the reactions or subsequent energy transfer. It appears
fran Figures 35 and 36 that the majority of reactions producing HF (v) and
NF(a) are completed in the first several centimeters . The reactions which
cause the temperature increase at larger values of X~ are not clear. De-
gradation a-f either HF(v), NF(b), or NF(a) internal energy to gas enthalpy
is not taking place at a significant rate for X~ > 5 cm. The i ntensity of
N2(B -

~~ A) would not indicate a substantial amount of reactions are follow- C

ing the N2(B) production channel . One speculation could be reactions which
produce NF ground state directly , and , therefore , are not observed in emission .

Another feature of Figure 36 is that the NF(a) concentration appears —

to level off, and inc 1~cations from NF (a) spectra at Xc > 5 cm (where N2(B -
~ A)

interfers with quantitative measurements) is that the NF(a) maintains a fair-
ly constant population density out to X c 12 cm. The initial decrease in
NF(a) is probably a geometrical effect due to the flame expansion . The
NF(b) population dens ity also maintains a fairly constant level from X~ =

5 to 12 cm after an initial drop due to decreasing HF(v > 2) and gas expan-
sion . This lack of significant decay in NF(a) and NF(b) signal again i ndi-
cates the absence of fast deactivation mechanism in the chemical laser envir-
onment.
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Table 14 lists the results for the TSN experiments at X~ 1.0 cm ,
where the highest NF* excited state concentrations are observed . The
value for NF(b) population density as been adjusted by the Frank Condon
factor for .\v -l emissIon intensity . A value of 2.5 cm x 6.5 cm 16.3 cm
Is used for the flame cross section to estimate the linear flow veloc i ty .
Again , If we assumed perfec t m ixing and reaction , and lack of deactivation
in the flow field , the maximum amount of NE excited states would correspond
to 2.3 x i0~ molec/cm 3. The observed amount is eleven percent of this.
However , In the i dea l , fully reacting c~ise H-atoms would be the limiting
reagent in the H ÷ NF~ reaction , so this eleven percen t NE production results
from only about two percent N~F4 dissociation .

Also shown in Figure 36 Is the NF (a) to NF(b) concentration ratio. At
1.0 cm , the value of forty-three for this ratio is not close to the

equalibrium ratio of six assuming HF(v 0) is about 6 x 1015 mol ec/cm3.

The flow speed is considerably higher compared to the staged combustion
case. This is probably due to the absence of mixing blades and wedges creat-
Ing drag in the flow field , as well as the absence of purge back pressure
due to purge gas flow . The use of mechanical shrouds wi th the TSN would be
expected to increase the NF(a) concentration.

3.3 CONCLUSIONS

The conclusions as given in Section 2.~?.6 for the staged combustion laser
are equall y valid for the TSN laser, ~tnd demonstrate that many of the charac-
teristics or the NE system are not device dependent. These conclusions
include:

• Low N9F4 dissociation efficiency is the prima ry limitation for
the observed NF(a) and NF (b) population density .

• NF(a 1.\) and NF(b~~~) are produced in an exclusively chemical re-
action , laser type device.

• In a realistic c~emi cal laser environment , the quenching of
NF(a~~) and NE (b ~

) is slow .

• The NF(a1.s) concentration Is factor of four higher (and the N,F4flow rate per nozzle exit area a factor of twenty-three larg el’)
in the TSN e*per1m~nt compared to staged combustion ; the ratio
of NF(a~~) to NF (b ~~~~~~ 

is l ower in the TSN experiment.
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Table 14. NF Excited State Production for the Tn -Stream

Nozzle Test Case at X~ 1.0 cm .

NF(a1.s) 2.5 x io14 molec/cm3

NF(bY) 5.9 x 1012 molec/cm3

HF(v > 2) 2.0 x 1015 molec/cm3

NF(a )/NF(b~E~) 43/1

N2F4 Dissociation 2%
Efficiency

Gas Pressure 1.1 torr

Gas Temperature 730°K

Linear Flow Velocity 2.5 x 10~ cm/sec
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• Mixing between the separate flow channels Is not good in the
TSN indicated by the appearance of distinct streamlines . This
is in contrast to staged combustion where the flame is homo-
geneous.

It is somewhat surprising that the TSN did not demonstrate an improved
N2F4 dissociation rate. The N2F4 is first mixed Into the gas In the nozzle

throat, a region of high pressure and temperature. This lack of dissocia-

tion of N2F4 may be partially explained by the poor transverse mixing asso-

d ated with the TSN .
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